animals. To produce and withstand even such a nominally increased pressure, Giraffes' arterial systems have exceptional thick walls (22) .
It has been observed that oxygen pressure in blood scales to animal body mass with M -1/12 (23, 24) . Such variation is related to oxygen affinity of the hemoglobin protein (22) and appears to be a size dependent evolutionary adaptation in animals (25) . Because metabolism is proportional to oxygen consumption, we therefore take blood oxygen pressure into account in assumption A3: the metabolic rate is proportional to both the rate of blood flow and the oxygen pressure in the blood.
In the following, we establish the relationship between the flow resistance Z of a Murray's network and an animal's body mass M. A simplified vascular system as a linearly branching network is shown in figure 1 . Each level of successive branching is represented by a rank index k.
To calculate Z, we first derive the total number of ranks as a function of mass M. We then prove that under the space filling assumption A1, Murray's network is impedance matched. Namely, the combined resistance is unchanged from one rank of the branches to the next.
At an arbitrary rank k, the total number of blood vessels is given by N k = n 1 n 2 ... n k (Fig. 1 ).
For simplicity, N k is rewritten as N k = n k . The constant n can be regarded as the average degree of branching from rank 1 to k. From the space filling assumption A1, the volume v k served by a blood vessel of length l k and radius r k (r k << l k ) corresponds to the space spanned by the vessel, which can be approximated by a sphere (7), or simply by a cube with v k = l k and length l k , z k is given by Poiseuille's law:
. η is blood viscosity. It follows that
. The ratio of the radii is readily given by equation 1 (with p = k and
. To obtain l k /l k+1 , we go back to the space filling assumption A1: A rank k vessel and its n k+1 daughter branches serve the same volume (7). Namely, v k = n k+1 v k+1 . Hence,
. Combining these relations together yields z k = z k+1 /n k+1 . Because blood flows through the n k+1 daughter branches in parallel, the collective flow resistance of these daughter branches is then given by Z' k+1 = z k+1 /n k+1 , which is the same as the resistance z k of the parent vessel.
Next, with the same argument as above, the collective flow resistance of all N k vessels at rank k is given by Z k = z k /N k . By comparing Z k with Z k+1 and noting that N k+1 = n k+1 N k (Fig. 1) , we 
In animals such as mammals and birds, the aorta and main arteries are optimized for pulsatile and turbulent flows. Transition to laminar flow takes place a few ranks away from the aorta (7).
In the current discussion, we can view the aorta and the main arteries, which are elastic, as pressure buffers for the pulsating heart. They take in blood during the rather short period of the cardiac contraction, and then exert a constant pressure onto the arterioles and capillaries. This is not an unreasonable simplification since blood pressures are typically measured at the main arteries rather than at the heart itself. Under such a consideration and assuming that the transition from pulsatile to laminar flows occurs at rank k, the effective resistance of the vascular network . Therefore, the oxygen flow rate Q O is given by
Q, γ is a proportionality constant. Finally, the metabolic rate is proportional to oxygen consumption, B = ηQ O , η is a proportionality constant. Combining the expressions for B, Q O , Q, and Z together, we have:
The constant β is the same as defined in equation 4. Both constants α and β are related to the properties of the vascular system. The constant β, for example, reflects both the volume serviced by a single capillary and the branching structure of the network. Shown in figure 3 , animals' field metabolic rates (FMR) compiled by Capellini et al. (6) exhibit a similar curvature as the basal metabolic rates. These FMR data are equally well described by equation 5, providing evidence that surface heat dissipation plays little role to animals' FMR. Incidentally, these FMR data include both placental mammals and marsupials.
Results

Equation
For marsupials, allowing x in equation 5 to vary results in a lower value of x = 0.75 (Fig. 3) .
Interestingly, marsupials' dependence of blood oxygen pressure on body mass has a ~3× steeper slope than that of placental mammals (31 and x to be 3/4, which is the exact result from the above analysis. Admittedly, there is a high degree of uncertainty here due to the limited availability of experimental data. The the vascular network, l c , n, and k (Eq. 4). Therefore, the curvature and the boundaries of where the transition from the 2/3-to the 3/4-rules occur are a property of the vascular network. They are determined by the capillary size l c, the degree of branching n, and the transition rank k from pulsatile to laminar flows.
Murray's network is not area preserving. Higher rank branches have larger total cross sections.
As has been pointed out in (7) . At any rank k, the blood speed u k is inversely proportional to the rank's total cross section S k , which is given by
Consequently, the blood speeds in the aorta u 0 and in the capillaries 
